Autonomic nervous system (ANS) activity is a core component of emotion processing. The limbic system and medial prefrontal cortex play important roles in the regulation of ANS activity. However, the integration of brain activity and ANS activity has yet to be investigated in adolescents despite independent evidence of adolescents' heightened neural and physiological sensitivity to emotional stimuli. The present study examined the relations of ANS activity in the parasympathetic nervous system (PNS) and sympathetic nervous system (SNS) with brain activity during emotional face processing in adolescents. 135 adolescents (65 female; M ¼ 17.15 yr, SD ¼ 0.42) completed an emotional faces task during an fMRI scan while electrocardiography and skin conductance were recorded simultaneously. Using linear mixed-effect modelling, we tested the effect of change in respiratory sinus arrhythmia (RSA), a measure of PNS activity, and number of skin conductance responses (SCRs), a measure of SNS activity, on neural activity while adolescents viewed emotional faces. Greater RSA withdrawal, indicating decreased PNS activity, was associated with increased activation in the ventromedial prefrontal cortex (vmPFC). More SCRs, indicating greater SNS activity, were associated with decreased activation in several regions including the dorsomedial prefrontal cortex and increased activation in the left hippocampus. Left hippocampus-SCR coupling and vmPFC-RSA coupling predicted baseline SCR and RSA respectively. These findings implicate the hippocampus for potentiating SNS activity, document that regulation of SNS and PNS activity are coordinated with distinct regions of the medial prefrontal cortex, and suggest potential developmental differences in vmPFC regulation of PNS activity between adolescents and adults.
1. Introduction
Background
Adolescence is a period of increased emotional volatility and intensity (Arnett, 1999; Guyer et al., 2016; Larson et al., 2002) . Autonomic nervous system (ANS) activity is a core component of emotional arousal and experience. Understanding the neural mechanisms through which ANS activity is regulated and integrated can therefore provide valuable insight into emotional health in adolescence. In the present study, we investigated the neural mechanisms involved in the production and detection of the visceral aspects of adolescents' emotion processing. Mechanistic theories of coordinated activity between the brain and the ANS propose that a network of interconnected brain regions provide tonic maintenance of physiological arousal (i.e., constant excitatory or inhibitory influence to maintain baseline levels), initiate phasic changes in arousal (i.e., reactive changes in activity that lead to temporary perturbations), and detect those changes through interoceptive feedback, all of which contribute to the initiation, physiological expression, and appraisal of affective states (Smith et al., 2017) . Research on adults has provided support for these "neurovisceral" or "somatic marker" models of emotion, but it remains an open question whether they function similarly for adolescents given their heightened emotional reactivity and the ongoing maturation of prefrontal cortex and limbic circuitry (Casey et al., 2008) . Identifying the neural mechanisms involved in the coordination of adolescents' ANS activity could facilitate a more precise understanding of their emotional health. To our knowledge, this is the first study to examine the coordination between brain function and autonomic activity in adolescents as well as the first to examine coordinated activity of the brain with the SNS and PNS simultaneously.
In their model of neurovisceral integration, Lane (2000, 2009) articulated the brain mechanisms contributing to the maintenance and modulation of parasympathetic nervous system (PNS) activity. This model builds on Porges' polyvagal theory (Porges, 2007; Porges et al., 1994) , which suggests that physiological states serve adaptive functions for facilitating specific behavior patterns. In particular, activity of the myelinated vagus nerve is thought to allow for flexible modulation of arousal in the social environment. High baseline vagal activity, reflecting greater tonic PNS influence, allows for a greater range of possible physiological responses, which supports more flexible emotional reactivity and regulation (Porges et al., 1994) . For example, mild to moderate decreases in PNS influence (i.e., vagal withdrawal) support orienting and preparedness to respond by increasing overall arousal with or without sympathetic nervous system (SNS) activation, while stronger vagal withdrawal permits SNS influences to further increase arousal and therefore facilitate defensive (fight or flight) responding. Mild to moderate vagal augmentation connotes perception of the immediate context as safe and facilitates calm social engagement (Hastings et al., 2014) . Meanwhile, vagal afferents convey interoceptive information to the brain about physiological state to guide the interpretation of environmental context. Cardiac vagal tone, as indexed by high frequency heart rate variability (HRV-HF), has therefore been theorized to index the regulation of attention to environmental input and emotion through coordinated activity of the brain and PNS (Thayer and Lane, 2000) .
Research using neuroimaging and pharmacological blockade has found that neural activity in regions in the medial prefrontal cortex (mPFC) is associated with HRV-HF (Thayer et al., 2012; Thayer and Lane, 2009 ). Specifically, greater activity in the ventromedial prefrontal cortex (vmPFC), including parts of the anterior cingulate cortex (ACC), coupled with lower amygdala activity, has been associated with higher HRV and lower heart rates. The mPFC is thought to inhibit the amygdala (Gee et al., 2013; Kim et al., 2011; Thayer and Lane, 2009 ). Amygdala activation leads to heart rate increases and HRV decreases through activation or disinhibition of sympathoexcitatory neurons in the rostral ventrolateral medulla, and inhibition of vagal activity through the nucleus ambiguus . Thayer and Lane's (2009) model of mPFC regulation of autonomic states through the PNS is generally consistent with Damasio's somatic marker hypothesis involving the SNS (Damasio et al., 1996) . Based primarily on studies of skin conductance responses (SCRs), one index of SNS activity, in patients with vmPFC damage, Damasio et al. (1996) proposed that both the initiation and interoception of autonomic responses via a feedback loop to and from the body and vmPFC is central to both emotion processing and decision-making. Neuroimaging studies have found vmPFC activity to be negatively correlated with task-independent fluctuations in skin conductance level (Nagai et al., 2004; Patterson et al., 2002) , suggesting tonic inhibition. In fact, one study has found vmPFC activity to have a negative causal influence on skin conductance through Granger causality (Zhang et al., 2014) . Through a series of studies, Critchley (2005 Critchley ( , 2009 ) has consistently found activity in the dorsal ACC to positively relate to phasic SCRs and other indicators of SNS activity, suggesting that dorsal ACC activity may initiate SNS responses. Anterior insula activity is often coupled with dorsal ACC activity and involved in the interoceptive processing of physiological states (Critchley, 2005) . Closing the feedback loop, emotional self-awareness, facilitated by interoception, and mediated through mPFC activity, may attenuate one's own physiological and emotional reactivity through increased PNS activity (Lane, 2008) . Further, the association of mPFC with ANS activity is complex and context-dependent, perhaps reflecting its role in both regulating ANS activity in response to external and cognitive cues and integrating interoceptive feedback. For example, one study found dorsal ACC activity to be specifically associated with stimulus-elicited SCRs but not endogenous (or nonspecific) SCRs .
Taken together, the neurovisceral integration model, somatic marker hypothesis, and work by Critchley and others converge on a network of brain regions with opponent processes and built-in feedback loops. The dorsal ACC and amygdala increase somatic arousal in response to external emotional stimuli by triggering SNS activity and inhibiting PNS activity (vagal withdrawal), while vmPFC tonically inhibits the SNS and promotes PNS activity, but may also be involved in integrating cognitive and interoceptive information. Meanwhile, the resulting autonomic responses are detected through interoceptive processes involving the anterior insula. Given that these same brain regions are implicated in the processing of internal and external emotion cues, variation in the coordination of these neurophysiological processes may be involved in individual differences in emotional reactivity and regulation.
Brain and ANS activity in adolescence
Adolescence is a particularly relevant time to investigate the brain's processing of emotion and regulation of arousal, as the brain regions implicated in these processes have been found to undergo considerable functional specialization across adolescence (Blakemore and Mills, 2014; Nelson, Jarcho and Guyer, 2016) . For example, decreases in amygdala reactivity and increases in mPFC activity when attending to emotions depicted in facial expressions are seen across adolescence (Del Piero, Saxbe and Margolin, 2016) . Within the mPFC, in response to viewing negative emotional pictures, activity in the vmPFC has been found to decrease from childhood to adulthood, whereas activity in the dmPFC has been found to increase (Silvers et al., 2017) . Inhibition of the amygdala by the mPFC (rostral ACC) while viewing fearful faces has been found to emerge in early adolescence and increase into adulthood, as indicated by a switch from positive to negative functional connectivity (Gee et al., 2013) . Conversely, functional connectivity between the amygdala and the vmPFC when viewing negative emotional pictures compared with neutral pictures has been found to increase linearly across adolescence (Vink et al., 2014) . Taken together, these results suggest that during emotion processing, amygdala reactivity declines across adolescence, corresponding to an increasing inhibitory influence over the amygdala by dorsal regions of the mPFC, whereas vmPFC activity decreases and becomes more positively coupled with amygdala activity. Given the centrality of mPFC-amygdala circuitry to the neurovisceral integration model ), these developmental shifts call into question whether the mechanisms of ANS regulation are consistent from adolescence into adulthood.
PNS indices, such as respiratory-sinus arrhythmia (RSA), a measure of HRV within the frequency spectrum of the respiratory cycle, also change across development. Baseline RSA increases from childhood to adolescence (El-Sheikh, 2005; Gentzler et al., 2012; Hinnant et al., 2011) and decreases from adolescence through adulthood (Hollenstein et al., 2012; Pfeifer et al., 1983) . Meanwhile, the magnitude of RSA withdrawal in response to stressors has been found to decrease between the ages of 4 and 17 (El-Sheikh, 2005; Shader et al., 2018) but to increase between the ages of 12 and 23 (Hollenstein et al., 2012) . This suggests that mid to late adolescence marks a key developmental inflection point in the trajectory of parasympathetic regulation. This inflection point in both baseline RSA and RSA reactivity may reflect developmental shifts in activation and connectivity of the mPFC, particularly the vmPFC. Developmental shifts in vmPFC activity occur over the same time period (Del Piero et al., 2016; Gee et al., 2013; Vink et al., 2014) , and vmPFC is known to influence both the tonic maintenance of and phasic changes in PNS activity .
With regard to the SNS, baseline SNS activity, whether indexed by skin conductance level or the number of nonspecific SCRs, has been found to be quite stable from childhood to adolescence and into adulthood (El-Sheikh, 2007; Venables and Mitchell, 1996) . However, children and adolescents show higher amplitude SCRs than adults in response to emotional stimuli (Shields, 1983) , and adolescents habituate more slowly when repeatedly viewing negative emotional pictures depending on how many stimuli they view before the absence of a SCR occurs following the stimulus (Miller and Shields, 1980) . These findings suggest that tonic SNS activity is relatively stable, and phasic SNS responding decreases across adolescence, becoming more regulated from adolescence to adulthood. Thus, given these developmental changes in SNS and PNS activity, and the still maturing connectivity of the mPFC and amygdala, it is important to determine whether the coupling of the mPFC with the ANS in adolescents is similar to, or different than, what has been observed in adults.
Goals and hypotheses
The present study investigated emotion-relevant brain mechanisms that coordinate autonomic activity in late adolescence, a key inflection point in the trajectory of PNS functioning and the development of prefrontal-limbic circuitry. We sought to identify region where brain activity during affective processing corresponded with PNS activity, as measured by RSA, and SNS activity, as measured by the number of SCRs. Based on studies of brain-HRV coupling in adults ) activity in the vmPFC would be expected to be positively associated with RSA and negatively associated with the number of SCRs. Furthermore, amygdala, dorsal ACC, and insula activation would be expected to be inversely related to RSA changes and positively associated with SCR changes (Critchley, 2009) . However, because the functional reactivity and connectivity of mPFC and limbic structures undergo significant changes during adolescence, we anticipated that the associations between brain and ANS functioning in adolescents might be qualitatively distinct from reported observations in adults. Finally, we tested whether individual differences in ANS activity at rest related to individual differences in the strength of brain-ANS coupling. Significant positive associations between baseline ANS activity at rest and brain-ANS coupling would suggest that these brain regions maintain a tonic regulatory influence on the homeostatic set points of ANS activity. Conversely, the absence of such associations would indicate that the covariation between brain and ANS activity relates to the brain's initiation and/or interoception of phasic changes in ANS activity, but that the baseline level of activity is attributable to other individual physiological differences.
Method

Participants
As described in prior work (Weissman et al., 2017) participants were 229 Mexican-American adolescents (M Age ¼ 17.16 years, SD ¼ 0.44, 110 female) enrolled in a neurobiology sub-study of the California Families Project (CFP), a 10-year, prospective, longitudinal study. CFP participants include 674 Mexican-American families with a fifth grade child (M Age ¼ 10.4, SD ¼ 0.61, 50% female) drawn at random from school rosters during the 2006-2007 and 2007-2008 school years. The sub-study was designed to examine neurobiological mechanisms in the etiology and development of depression in the transition to early adulthood. Therefore, youths with elevated but sub-clinical depressive problems were oversampled from the CFP, using counts of adolescents' self-reported symptoms in 9th grade (age 14-15) based on the Diagnostic Interview Schedule for Children-IV (DISC-IV; Shaffer et al., 2000) and the Anhedonic Depression and General Distress subscales of the Mood and Anxiety Symptom Questionnaire (Watson and Clark, 1991) . The sample consisted of adolescents whose symptom scores ranged above the median on all 3 measures of depression (N ¼ 43), on 2 measures (N ¼ 64), on 1 measure (N ¼ 68), and adolescents who were at or below the median on all 3 measures (N ¼ 54), ensuring variability in symptoms. No participants met diagnostic criteria for major depressive disorder based on the CDISC-IV at the time of sample selection.
Procedures
At age 16-17, adolescents and one parent visited a hospital research facility, where they participated in a functional magnetic resonance imaging (fMRI) scan with simultaneous electrocardiogram (ECG) and skin conductance recording. Baseline ECG and skin conductance measurements were collected before the scan while participants were lying on the scanner bed, outside of the scanner for 3 min. Adolescents then completed a structural scan and three fMRI tasks. The emotional faces task was the third and final fMRI task. All participants also completed a reward task and a social exclusion task, as part of the approximately 90-120 min scan protocol. As such, 36 participants did not complete the faces task due to time constraints.
The emotional faces task
As described in other work (Vilgis et al., 2018; Weissman et al., 2017) , the emotional faces task (Guyer et al., 2011 ) was used to examine neural response to facial expressions of emotion while attentional focus was constrained in two different ways (Fig. 1 ). Stimuli were assembled from several validated sets of greyscale emotional face images (Ebner et al., 2010; Goeleven et al., 2008; Minear and Park, 2004; Nelson, 2004 ; Tone, Erin B., Schmidt, S. M., Davis, n.d.; Tottenham et al., 2002) . Participants viewed 12 sad, 12 angry, 12 happy, and 12 neutral faces portrayed by 48 unique actors. While viewing each picture, participants responded using their fingers on one hand to one of two questions: "How sad does this person make you feel?" or "How wide is the nose?" (1 ¼ Not at all to 5 ¼ Very much so). Each actor portraying the faces was presented only once to each participant, displaying one of the four emotions at random, but across participants all actors were displayed with all four expressions. The task consisted of 12 blocks of 44 s each, which began with instructions (displayed for 4000 ms) directing participants to rate sadness or nose width for all faces presented in that block. Ten stimuli (displayed for 3000 ms each) were then presented in pseudorandom order and 2 of which were crosshair fixation points (i.e., "þ"). Thus, each block included 2 presentations of each of the 4 emotions. An inter-trial interval of 750-1250 milliseconds occurred between blocks, with an average of 1000 milliseconds. With jittered inter-trial intervals, each block varied in length from 43 to 45 s with an average length of 44 s across blocks for all participants. Blocks were presented in random order. The 12 trial blocks were completed in 9 min and 20 s.
FMRI image acquisition and preprocessing
A fMRI scan was conducted on a Siemens 3T TIM Trio MRI scanner with a 32-channel head coil (voxel size ¼ 3.5 Â 3.5 Â 3.5 mm, slices ¼ 35, slice thickness ¼ 3.5 mm, repetition time ¼ 2000 ms, echo time ¼ 27 ms, flip angle ¼ 80 , interleaved slice geometry, field of view ¼ 224 mm). Images were T2-weighted. The first three acquired volumes were discarded to ensure magnet stabilization. Preprocessing was conducted using the FMRIB Software Library (FSL; Smith et al., 2004) and Analysis of Functional NeuroImaging (AFNI) software (Cox, 1996) . Each participant's functional data were co-registered with their brain-extracted structural images and normalized to Montreal Neurological Institute (MNI) stereotaxic space using FSL's two-stage registration method via FLIRT. Alignment was visually confirmed for all participants. One participant was excluded from further analysis due to incomplete acquisition that resulted in no coverage of dorsal cortical regions. Normalized data then underwent preprocessing and first-level analysis using AFNI's afni_proc.py. Preprocessing consisted of slice timing correction, rigid body motion correction with six degrees of freedom, spatial smoothing with a 6 mm half-maximum Gaussian kernel, and censoring of volumes with head motion greater than 1 mm from the previous volume. For 9 participants, this resulted in more than 25% of their data being censored. These participants were excluded from further analyses.
ECG data acquisition and processing
ECG data were collected simultaneously with the fMRI scan using three electrodes on the chest connected with Biopac fMRI compatible wireless signal logging (Biopac Systems, USA) through Siemens' telnet MPCU, with a sampling frequency of 400 Hz. Due to human error or equipment malfunction, ECG data were completely missing for 27 participants. These participants were excluded from further analyses. Equipment malfunction resulted in premature termination of ECG data collection during the emotional faces task for eight participants. Only blocks in which these participants had ECG data were included in later analyses. Data were converted into an ASCII formatted string of amplitude values that was then fed into Mindware HRV software (Mindware Technologies, Gahanna, OH). The inter-beat-interval sequence was used to calculate RSA. Inter-beat intervals were measured by the elapsed time between subsequent local maxima in the QRS complex (R-spikes) (Berntson et al., 1997) . ECG data were inspected visually for appropriate identification of R-spikes by trained research assistants who edited the data when the automated software misidentified the R-spikes. Due to high frequency noise resulting from MRI interference, data from six participants were too noisy to identify R-spikes. These participants were excluded from further analyses, resulting in 33 excluded for inadequate RSA data. The specific frequency band used to quantify RSA was 0.12-0.4, an appropriate respiratory frequency band for 16-17 year olds (Shader et al., 2018) . Mindware computes RSA as the natural log of spectral power in this frequency band. Baseline RSA was computed in 30-s epochs, which were then averaged within each of the baselines. 30 s epochs provide sufficient respiratory cycles for computation of HRV-HF. Having multiple 30 s epochs within a baseline period, which are then averaged, serves to minimize the effects of marginal outliers that fall within the individual's range of values and therefore are not removed during the editing process, yet may slightly bias any given epoch toward lower or higher HRV-HF calculations (Lewis et al., 2012) .
RSA during the task was calculated within each of the 44 second blocks of the Faces trial, during which adolescents viewed 8 faces depicting 4 different emotions and rated them on either subjective sadness or nose width. For analyses of relations between RSA and MRI activity, RSA across the 12 blocks of the task was within-subject meancentered in order to look at individual variability of RSA across the blocks in relation to individual variability in brain activity across the blocks.
Skin conductance data acquisition and preprocessing
Skin conductance data were acquired simultaneously with the scan from two electrodes on the base of the palm of the nondominant hand, using a Biopac MP150 system and AcqKnowledge 4.1 software (Biopac Systems, USA). The gain was 10 μS. Due to human error or equipment malfunction, data were completely missing for 23 participants. Using Mindware EDA software (Mindware Technologies, Gahanna, OH), a rolling filter was applied to account for high frequency noise from the fMRI signal. The number of nonspecific SCRs, thresholded at an amplitude change of 0.05 μS, was counted for each block (Braithwaite et al., 2013) . These counts were then within-subject mean-centered. The frequency of nonspecific SCRs, sometimes referred to as electrodermal lability, is a valid measure of SNS activity, associated with subjective arousal, negative emotion, and cardiac measures of SNS activity (Kelsey, 1991; Nikula, 1991) . It was selected as an index of SNS activity, because the frequency of nonspecific SCRs does not have a tendency toward low frequency drift across long tasks (Braithwaite et al., 2013 ), unlike both skin conductance level (Braithwaite et al., 2013) and the blood oxygen level dependent signal (Smith et al., 1999) , which do, risking spurious associations with brain regions with high spatial intensity gradients. Number of SCRs were counted within each of the 44 second blocks of the Faces trial, during which adolescents viewed 8 faces depicting 4 different emotions and rated them on either subjective sadness or nose width. These counts were then centered around the mean for each subject.
Analyses
After excluding participants from the 229 enrolled for not completing the fMRI task (N ¼ 36), problems with the fMRI (N ¼ 10) and for problems with the ECG data (N ¼ 33) and/or skin conductance (N ¼ 23) signals, the final sample consisted of 135 adolescents (M Age ¼ 17.13, SD Age ¼ 0.44, 65 female), 127 of whom had complete data. Partial data (7-8 blocks) were included for the other eight participants. We modeled The task consisted of 12 blocks separated into 3 runs with 5 s of rest in between. Each block consisted of one question, either "How sad does this person make you feel?" or "How wide is the nose?" followed by 2 fixation crosses and 8 faces, 2 displaying each of the 4 emotions: sad, angry, happy, and neutral. The task lasted 560 s, during which 280 vol were recorded, each collected over the course of 2 s. the faces task as a block design with independent regression coefficients calculated for each of the 12 blocks using AFNI's 3dDeconvolve. To identify the neural mechanisms associated with within-person fluctuations in RSA and SC, mixed-effects modelling was conducted using AFNI's 3dlme (Chen et al., 2013) . Within-subject effects on neural activity were determined for RSA and SCR fluctuations, attention condition (i.e., ratings: "How sad …" or "How wide …"), and their interaction (code included in Supplemental Materials). Group analyses were conducted within a region of interest (ROI) created by combining the following bilateral regions from the TT Daemon atlas in AFNI: medial frontal gyrus, rectal gyrus, anterior cingulate, insula, and amygdala (16,855 voxels; Fig. 2) , as well as at the whole brain level. The atlas-based ROI encompasses the non-brainstem regions that have been most commonly theorized and empirically shown to regulate and perceive ANS activity (e.g. Critchley, 2009; Thayer and Lane, 2009 ). Cluster thresholding was determined using AFNI's 3dClustSim program (updated 7/2016; Cox et al., 2017) , which generates Monte Carlo simulations to determine appropriate cluster sizes, and AFNI's 3dFWHMx program, which accounts for the number of voxels and the intrinsic spatial autocorrelation in the data residuals. Based on output from these programs, a voxel-wise threshold of t ¼ 3.280 (p ¼ .001) with a minimum cluster size of 28 voxels within the ROI. At the whole brain level, a minimum cluster size of 90 voxels was used, to set the overall alpha in both cases at 0.05.
To test whether individual differences in ANS activity at rest related to the strength of brain-ANS coupling, regression coefficients were extracted from the regions that demonstrated a significant relation between their activity and within-person fluctuations in RSA and the number of SCRs. Multilevel structural equation modelling in MPlus (Muth en and Muth en, 2017) was then used to identify the random component of the relation between mean-centered activity in each significant cluster and its corresponding autonomic indicator. The relation between this random slope and baseline ANS activity was then evaluated for each region (example code included in Supplemental Materials). These models were intended to probe the nature of the already-identified significant associations between each brain region and ANS activity. Both Bonferroni corrected and uncorrected significance thresholds are therefore used for each model.
Results
Autonomic activity
PNS. RSA did not differ significantly between baseline and the task (t ¼ 1.48, n.s.). RSA also did not differ on average when participants rated "How sad does this person make you feel?" compared to "How wide is the nose?" (t ¼ 0.62, n.s.). Within-person variance accounted for a significant 27% of the total variance in RSA (χ 2 ¼ 2158, df ¼ 1570, p < .01). After within-subject mean centering, the SD of RSA across all blocks and all subjects was 0.61. SNS. The number of SCRs per minute was significantly greater at baseline than during the task (t ¼ À3.27, p < .01; Table 1) . During the task, the number of SCRs per minute did not differ on average during the task when participants rated "How sad does this person make you feel?" compared to "How wide is the nose?" (t ¼ 0.58, n.s.). Between-person variance accounted for a significant 36% of the total variance in SCRs (χ 2 ¼ 2441, df ¼ 1570, p < .01). After within-subject mean centering, the SD of the number of SCRs across all blocks for all subjects was 1.83.
Attention-specific brain activity
On average, participants responded to the question, "How sad does this person make you feel?" with a rating of 1.69 out of 5 (SD ¼ 0.51) and to the question, "How wide is the nose?" with a rating of 2.28 out of 5 (SD ¼ 0.32). When adolescents rated their subjective emotional state (i.e., "How sad does this person make you feel?"), they exhibited greater activation in the left superior temporal gyrus (i.e. temporoparietal junction) compared to when they rated a non-emotional feature of the face (i.e., "How wide is the nose?"; see Supplemental Materials).When adolescents judged nose width relative to their subjective emotional state, they exhibited greater activation in five clusters with their peak activations in right superior parietal lobule, left inferior parietal lobule, left precuneus, left middle occipital gyrus, and right inferior temporal gyrus (see Supplemental Materials).
Brain-autonomic coupling
RSA across the emotional faces fMRI task was inversely related to activity in a cluster located in the vmPFC (Table 2, Fig. 3 ) in the ROI analysis. Whole-brain analyses revealed no other regions demonstrating significant associations with RSA. The number of SCRs across the emotional faces fMRI task was inversely related to activity in the dmPFC Fig. 3 ) in the ROI analysis. Two larger clusters in the dmPFC were also identified in whole-brain analyses. Additionally, whole-brain analyses revealed a significant positive relation involving withinsubject change in the number of SCRs and activity in a cluster in the left parahippocampal gyrus, including the left hippocampus, and a significant negative relation with activity in clusters located in the right ventral precuneus, right middle temporal gyrus, and right inferior parietal lobule. There were no significant interactions between what participants judged in a given task condition and either RSA or number of SCRs in relation to activity in the ROIs. Supplemental materials include results indicating significant interactions in whole-brain analyses.
3.4. Relations between baseline autonomic activity and brain-autonomic coupling Fig. 4 depicts the results of multilevel structural equation modelling to identify the relation between baseline ANS activity and brain-ANS coupling. There was a significant positive relation between baseline RSA and the random slope (S) of the relation between vmPFC activity and RSA (B ¼ 3.29, S.E. ¼ 1.66, p < .05, R 2 ¼ 0.097; see Fig. 4A ), but only without the application of Bonferroni correction for examining six models. This means that adolescents whose vmPFC-RSA coupling was more negative had lower baseline RSA, whereas adolescents whose vmPFC-RSA coupling was more positive had higher baseline RSA.
Coupling between left hippocampus-SCR was significantly related to baseline SCR/min, including with the application of Bonferroni correction for the six models (B ¼ 0.920, S.E. ¼ 0.305, p < .008, R 2 ¼ 0.224; see Fig. 4C ). Adolescents whose hippocampus-SCR coupling was more positive had more SCRs/min at baseline. Neither dmPFC-SCRs (Fig. 4B) , precuneus-SCRs (Fig. 4D) , right middle temporal gyrus-SCRs (Fig. 4E) , nor right inferior parietal lobule-SCRs coupling (Fig. 4F) were significantly related to baseline SCRs/min.
Discussion
In the current study, we investigated brain mechanisms involved in the coordination of autonomic activity during emotion processing in adolescents. Activity in the vmPFC was inversely related to PNS activity, such that increased brain activity was associated with decreased parasympathetic activity. This suggests either that the vmPFC has an inhibitory influence on PNS activity or that through interoceptive inputs, vmPFC registers visceral manifestations of PNS withdrawal. Similarly, activity in the dmPFC was inversely related to SNS activity, such that increased brain activity was associated with decreased sympathetic activity. Activity in the ventral precuneus, right middle temporal gyrus, and right inferior parietal lobule also increased when SNS activity decreased. This suggests that activity in these regions may have an inhibitory influence on the SNS. Hippocampus activity was positively associated with SNS activity, suggesting an excitatory influence of the hippocampus on the SNS. It is notable that activity of distinct regions of the mPFC was inversely associated with PNS versus SNS activity. Activity in the mPFC has been consistently observed in studies of neurovisceral integration (Critchley, 2005; Thayer et al., 2012) , but studies with adults have typically found vmPFC activity to be positively associated with HRV ) and negatively associated with skin conductance level (Nagai et al., 2004) . This discrepancy could be attributable to 1) changes in prefrontal-limbic regulatory circuitry occurring between adolescence to adulthood, 2) changes in the functional role of the vmPFC with regard to regulating the ANS and integrating cognitive and interoceptive information, or 3) a manifestation of differences in task and analytic approach that are not developmental in nature.
Amygdala-mPFC connectivity has been found to shift from positive to negative during development (Gee et al., 2013) . Although this shift has been estimated to occur early in adolescence, around age 10 on average, many adolescents over the age of 10 demonstrate positive amygdala-mPFC connectivity, and adults' show significantly more negative amygdala-mPFC connectivity on average relative to adolescents (Gee et al., 2013) . It is therefore plausible that vmPFC-PNS coupling undergoes a similar shift from negative to positive.
The vmPFC is thought to serve as a hub of multifaceted functionality involved in the generation of affective meaning (Roy et al., 2012) , including approach and avoidance valuation, visceromotor control, and interoception. A shift from negative to positive vmPFC coupling with PNS activity may therefore reflect a shift in the vmPFC's role from a bottom-up interoceptive processing of emotional arousal, to a more top-down visceromotor influence. Although bottom-up interoceptive processing might promote the emotionally reactive phenotype of adolescence, a stronger top-down visceromotor influence may promote a flexible, efficient, regulated, and recovery-oriented adult phenotype through positive mobilization of the PNS.
The negative association we documented here between RSA and vmPFC activity during emotion processing contrasts with previous results (Gianaros et al., 2004; Lane et al., 2009 ), but the difference may be attributable to developmental differences in autonomic system regulation between adolescents and adults expected to emerge after the age of 16-17. However, differences between our findings and past findings may also be attributable to the task design and analytic approach used in this study. We employed a fully within-person design and used a task that required adolescents to engage in emotion processing. Recent models of neurovisceral integration have proposed that regions of the mPFC support regulation of autonomic functioning based on integration of sensory input and past experiences, with the vmPFC being more involved in integrating interoceptive feedback and the dmPFC being more involved in integrating higher level cognitive information (Smith et al., 2017) . The observed negative association between RSA and vmPFC activity within-subjects may therefore be indicative of the vmPFC integrating visceral manifestations of PNS withdrawal. However, negative vmPFC-RSA coupling was observed across the entire task, not just during the blocks when adolescents reflected on their own emotions. In addition, the significant positive relation between individual differences in baseline RSA and vmPFC-RSA coupling suggests that the strength of the inhibitory connections between PNS and vmPFC activity is not only a phasic response of registering RSA withdrawal, but also an indicator of the tonic set point of the PNS, independent of context.
The negative association between the number of SCRs and dmPFC activity during emotion processing may reflect cognitive regulation of Fig. 4 . Multilevel structural equation model testing the relation between brain-autonomic coupling and baseline autonomic activity. Betas were extracted from the significant clusters yielding significant (cluster α < 0.05) brain-autonomic coupling. Within subjects, latent variables were then created based on the regression coefficients of the relation between brain and autonomic activity, controlling for the effects of task block (i.e., detrending). The relation between ventromedial prefrontal cortex (vmPFC) activity and RSA was significant and significantly predicted baseline RSA. The relation between left hippocampus (L Hip) activity and SCR was significant and significantly predicted baseline SCR/min; Precun ¼ precuneus, R MTG ¼ right middle temporal gyrus, R IPL ¼ right inferior parietal lobule. All coefficients are unstandardized. yp < .10, *p < .05, **p < .008 (Bonferroni correction). N ¼ 135.
emotional reactivity resulting in inhibition of sympathoexcitatory mechanisms. Like the dmPFC, the ventral precuneus and middle temporal gyrus are regions that comprise the default mode network (DMN) and have been found previously to demonstrate inverse activity patterns with skin conductance (Nagai et al., 2004) , potentially indicating that DMN activity downregulates fight or flight responding. Importantly, unlike brain-PNS coupling, the patterns of brain-SNS coupling we observed here are more or less consistent with previous reports in adults. Individual differences in coupling of DMN regions with SNS activity were not associated with SCRs/min at rest. Therefore, while regional DMN activity was inversely related to SNS activity, individual differences in the strength of that coupling do not appear to be the source of tonic set points in SNS activity. Rather, activation of regions in the DMN appears to elicit phasic decreases in SNS activity, regardless of the baseline set point. This may reflect the role of the dmPFC and other DMN regions in emotion regulation. Just as dmPFC activity increases to inhibit amygdala reactivity in emotional situations, it may phasically downregulate SNS activity as well.
The positive association between activity in parahippocampal gyrus and SCRs has also been observed previously in adults (Nagai et al., 2004) . In addition, viral transneuronal labelling has found SNS circuitry to originate in the rat ventral hippocampus (Westerhaus and Loewy, 2001) , and epileptogenic activity in the cat hippocampus is associated with increased SNS activity (Lathers et al., 1993) . The hippocampus is central to learning, memory and stress-related feedback loops (Lupien and Lepage, 2001 ). The association between increased skin conductance responding and hippocampus activity potentially demonstrates the sensitivity of the hippocampus to stress-related signals in the body as markers of affective salience, which may be especially pronounced during adolescence. Moreover, individuals with stronger hippocampus-SCR coupling had more SCRs/min at baseline, suggesting that hippocampus activity plays a role in maintaining baseline SNS arousal.
Notably, significant associations with fluctuations in RSA and SCRs were not observed in the amygdala, anterior insula, or ACC as expected. This may reflect differences in neurovisceral integration between adolescents and adults, or it may be a product of study design, which measured RSA and the number of SCRs across 44 second blocks. Although this approach allowed us to investigate interrelations among brain function, PNS activity, and SNS activity simultaneously over the same time course, it may not have captured the same engagement of brain activation in these regions that is typically associated with more rapid phasic changes in ANS activity.
While this study has many strengths, including a large, adolescent sample, simultaneous measures of RSA, SCR, and fMRI, and a full withinsubjects design, it also has some limitations. First, although this study expanded the age range of extant studies on neurovisceral integration, and found differences in vmPFC-PNS coupling compared to what has been found with adults, we could not test for age-related differences within this single-age cohort. Future work could use longitudinal repeated-measures designs, or recruit participants of various age ranges from middle childhood to adulthood, to evaluate developmental changes in neurovisceral integration. Second, while the stimuli used in the fMRI task were emotional in nature, they did not elicit significant increases in autonomic arousal on average, although there was considerable variability in ANS activity, which was necessary for documenting relations with brain activity. Future work could employ more evocative emotional stimuli, such as film clips or social evaluative stressors to elicit stronger changes in autonomic activity and identify associated brain mechanisms.
Conclusion
Adolescents' fluctuations in SNS and PNS activity, as indicated by SCRs and RSA respectively, were associated with specific patterns of brain activity during emotion processing. Activity in the vmPFC was associated with decreases in RSA, indicating a potential developmental difference between adolescents and adults, for whom vmPFC activity is usually associated with increases in RSA, and reflecting the role of this region in regulating PNS activity. Activity in the dmPFC and other regions within the DMN was associated with decreases in the number of SCRs, potentially reflecting the role of this network in downregulating fight or flight responding, as has been documented previously in adults. Activity in the hippocampus was associated with increases in the number of SCRs, consistent with the role of the hippocampus in regulating and integrating stress-related signals from the body. These findings expand our understanding of the neurophysiological mechanisms involved in integrating and regulating the bodily manifestations of emotion processing.
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